Background: Neoadjuvant chemotherapy (NAC) is increasingly used to treat locally advanced breast cancer (LABC). Improved response to NAC correlates with better survival outcomes. The dual purpose of this study is to report recurrence and survival outcomes for LABC patients treated with NAC, surgery and adjuvant radiotherapy and to correlate these outcomes with tumour response after NAC using multiple response assessment methods. Methods: All LABC patients treated for curative intent with NAC, surgery, and adjuvant radiotherapy at our institute between January 2009 and December 2014 were included for analysis. NAC was mostly anthracycline and taxane-based; radiotherapy consisted of 50 Gy to the breast/chest wall and regional lymph nodes. Response to NAC was categorized using synoptic pathology reports, modified-RECIST and Chevallier scores. Survival curves were generated by the Kaplan-Meier method and compared using the log-rank test.
Background
Neoadjuvant chemotherapy (NAC) is increasingly used to treat patients with locally advanced breast cancer (LABC) [1] [2] [3] . Such regimens can increase rates of breast-conserving therapy (BCT) compared with post-operative chemotherapy [2] and may minimize the need for aggressive nodal surgery with axillary lymph node dissection [4, 5] . Other purported advantages include in vivo tumour response assessment and prognostication based on degree of response. Patients with HER2-receptor positive or triple-negative disease may also benefit from early treatment of distant micrometastases due to increased metastatic potential of these disease types [6, 7] . Despite these potential advantages, NAC has not demonstrated improved survival over adjuvant chemotherapy in randomized trials [8] [9] [10] [11] .
The NSABP B-18 and B-27 trials delivered anthracycline-based NAC (and included taxanes in B-27). Patients who underwent breast conserving surgery (BCS) after NAC received whole breast radiation therapy (RT) alone, while mastectomy patients did not receive RT. These trials demonstrated locoregional recurrence rates of 12.3% for mastectomy patients and 10.3% for BCS patients [12] ; overall survival (OS) rates were 75% at 8 years [6] . Subsequent retrospective studies [13, 14] have suggested that adjuvant RT decreases the rate of locoregional recurrence (LRR) and improves survival after NAC and surgery, but this has not been evaluated with randomized trials. Given the absence of level I evidence, routine practice at our centre is to offer radiation therapy after NAC and surgery.
Patients who achieve a pathologic complete response (pCR) to NAC have improved survival compared to patients who do not achieve pCR [8, 15, 16] . Several quantitative and categorical methods have been developed to characterize pathologic response to NAC, including residual cancer burden index (RCBI) [17] , the Chevallier score [18] , and the Miller-Payne score [19] . Radiologic assessment of tumor size changes based on the Response Evaluation Criteria in Solid Tumours (RECIST) guidelines [20] correlates with pathologic response [21] , although MRI may not reliably detect tumours pathologically measured as smaller than 2 cm [22] . For these response criteria, increased local response to the primary tumour from NAC correlates well with improved survival [17, 18, 21, 23] .
In this study, response to NAC was measured using three methods. The first used data from synoptic pathology reports prepared by our institutional pathologists. The second, Chevallier score [18] , provides a response measurement based on a combination of microscopic and macroscopic assessment of changes in tumour appearance. The third method categorized response radiographically, using RECIST criteria combined with pathologic verification of complete response if suspected radiographically.
This study had two main goals. First, we investigated recurrence and survival outcomes for a cohort of LABC patients treated with NAC, surgery, and RT. Patients treated with all three modalities were selected as this represented the majority of patients treated at our centre and we wanted to ensure that results were reported from as homogeneous a cohort as possible. Second, we assessed tumour response after NAC using synoptic pathology reports, Chevallier score and a modified RECIST criteria-based (MR) response score and correlated these responses with recurrence and survival outcomes in our cohort.
Methods

Patients and treatment
Institutional review board approval was obtained prior to data collection and analyses for this retrospective study. Data was collected via electronic medical records for all female breast cancer patients treated with NAC, surgery and radiotherapy with curative intent at our center between January 2009 and December 2014 for whom complete clinical data was available. Clinical tumour (T) staging used physical exam or pre-chemotherapy imaging (MRI, mammogram and/or ultrasound). Pre-chemotherapy clinical nodal (N) assessment consisted of physical exam and imaging. Pre-chemotherapy lymph node involvement was assessed via core or fine needle aspiration biopsy, if available, but was not included in the clinical stage grouping. Stage grouping used the American Joint Committee on Cancer (AJCC) 7th edition staging guidelines.
Prior to beginning NAC, all patients had biopsy-confirmed breast cancer that was either larger than 5 cm, invading into the skin/chest wall, or involving the axillary lymph nodes. Patients received NAC followed by mastectomy or BCT including surgical excision of the axillary lymph nodes. Adjuvant RT delivered 45-50 Gy in 25 fractions to the chest wall (or whole breast, if applicable), axillary and supraclavicular lymph node regions. The RT was delivered via monoisocentric three or four field technique consisting of opposed tangent fields to the breast/chestwall and lymph node coverage with either opposed anterior-posterior fields or anterior field alone. Radiotherapy to the internal mammary lymph node chain and boost RT to the tumour cavity were left to the discretion of the treating radiation oncologist; generally boost RT was offered to patients treated with BCT who were younger than age 50 or had high risk features such as high grade disease or close/positive margins [24] . All patients began RT between three and six weeks after surgery, per our institutional guidelines. Following radiotherapy, patients with estrogen receptor (ER) positive disease were offered hormonal therapy and patients with HER2 receptor overexpression were offered trastuzumab therapy.
Clinical and pathologic features
Tumours were grouped into molecular subtypes based on hormone and HER2 receptor status, according to the St. Gallen consensus [25] . Subgroups were assigned as follows: Luminal A tumours were positive for ER and progesterone receptor (PR) overexpression, but did not overexpress HER2-neu receptors. Luminal B (HER2-negative) tumours were ER-positive/PR-negative/HER2-negative. Luminal B (HER2-positive) tumours were ER-positive/PR-positive/ HER2-positive. HER2+ tumours were ER-negative/PR-negative/HER2-positive. Basal-type tumours were negative for all three receptors. One patient had ER+/PR+/HER2-cancer with Ki67 level > 80%; this patient was assigned to the Luminal B (HER2-negative) group. For the purposes of PR status, "positive" was defined as > 20% overexpression [25] [26] [27] .
Response to NAC for all patients was categorized using three methods. The first (hereafter referred to as "standard pathology") reviewed synoptic pathology reports available for each patient produced using the American Joint Committee on Cancer (AJCC) 8th edition criteria for staging and synoptic reporting [28] . At the end of each report, the assessing pathologist categorized the observed response as i) "complete responder," defined as absence of invasive breast cancer in the breast tissue or axillary lymph nodes, ii) "partial responder", denoted by probable or definite response in the synoptic report, or iii) "non-responder," who had no probable or definite response [29] .
The second method was the Chevallier score, based on combined macroscopic and microscopic assessment: Grade 1 denotes complete disappearance of macroscopic or microscopic tumour, grade 2 has carcinoma in situ but no remaining invasive tumour or lymph node involvement, grade 3 indicates invasive disease present with stromal alteration and grade 4 indicates little or no modification of tumoural appearance [18] .
The third method was the MR system, which categorizes response based on tumor size using RECIST criteria. Size was assessed pre-chemotherapy by imaging or physical exam; the proportion of measurements by different modalities is shown in Table 1 . Post-chemotherapy size was assessed using the surgical pathology specimen. A score of 1 indicates no reduction in overall size, score of 2 indicates up to 30% decrease in size, score of 3 indicates a decrease in size of 30-90%, score of 4 indicates greater than 90% but less than complete response and score 5 indicates a complete absence of invasive tumour radiographically and confirmation of no remaining tumour by standard pathology. This system was modified from the RECIST criteria in order to permit a better discretization of response while recognizing patients that were almost complete responders but whose residual disease may not be reliably detected by MRI or other imaging tests.
Survival endpoints
Three survival parameters were calculated: locoregional control (LRC) was defined as survival without LRR defined as recurrence in the breast, chest wall, or axillary, supraclavicular, or internal mammary lymph nodes; recurrence-free survival (RFS) was defined as survival without LRR or distant metastasis; and OS was defined as survival without death. Documentation of recurrences was based on available medical records, including dictated clinical notes and radiological studies. Time of recurrence was defined as the date when definitive recurrence or disease progression was first noted in a clinical or radiology report. Death was determined via clinical notes, hospital records and obituary search. The start date of NAC was used as a surrogate for the date of diagnosis; survival times and time to recurrence were calculated from this date.
Statistical analysis
All patients in the cohort had their response categorized using all three methods. Each method was then assessed to determine if they were predictive of LRC, RFS, and OS. Survival curves were generated by the Kaplan-Meier method and survival differences between groups were compared via the log-rank test. Cox proportional hazard regression modeling was used to analyze factors contributing to survival rates. The association between MP and Chevallier scores (which can be treated as ordinal) was examined using Spearman correlation. To assess the correlation between standard pathology response (categorical variable) and MP and Chevallier scores, a regression analysis was carried out. Analysis was performed using SAS Version 9.4 (SAS Institute, Cary, NC, USA).
Results
Our cohort consisted of 103 patients and the median follow up was 45.6 months. Median age was 46.7 years old. An additional three patients were identified who otherwise met our inclusion criteria but were not included in the analysis due to lack of clinical follow up after completion of therapy. Pre-treatment patient and disease characteristics are shown in Table 1 . Pathologic characteristics after NAC are shown in Table 2 . All patients received NAC including a taxane and anthracyline, except for four patients who received paclitaxel and cyclophosphamide.
There were 23 patients (21.3%) who experienced disease recurrence. One patient had synchronous regional (lymph node) and distant recurrence. Seven patients (6.8%) had LRR only; five of these (4.8%) were in the ipsilateral chest wall or intact breast, the other two (1.9%) had recurrences in the axillary lymph nodes. Of 15 patients (14.6%) whose first episode of recurrence was distant (without LRR), six had recurrence in the lungs, nine in the bones, six in the liver, and four in the brain. Median time to recurrence was 22.5 months. During the analysis period, 14 deaths (13.6% of patients) were recorded.
For the entire cohort, LRC rates were 99% at 1 year, 94% at 2 years, and 89% at 5-years. Rates of RFS rates were 98% at 1 year, 85% at 2 years, and 69% at 5-years. Rates of OS were 100% at 1 year, 95% at 2 years, and 77% at 5-years. Kaplan-Meier curves with these results are shown in Fig. 1 .
The cohort was nearly equally divided between patients with stage II (51%) and stage III (49%) disease. No significant difference in LRR was seen between these two groups (p = 0.51). A significant RFS difference (p = 0.04) was seen, with 5-year RFS for stage II patients of 83 and 58% for stage III patients. 5-year OS rates were 86% for stage II patients and 72% for stage III patients, although this difference was not statistically significant (p = 0.46). Survival curves by stage are shown in Fig. 2 . Different molecular subtypes did not demonstrate differences in LRR (p = 0.11), RFS (p = 0.45), or OS (p = 0.60).
Pathologic response
Kaplan-Meier curves for recurrence and survival outcomes with patients divided by standard pathology response category are shown in Fig. 3 . No significant differences were seen in LRC rates (p = 0.48), but significant differences were observed for RFS (p = 0.015) and OS (p = 0.015). No patients achieving a pCR died within 5-year of treatment completion.
For patients divided by MR score, local recurrence rates were not significantly different (p = 0.45), but significant differences were observed for RFS (p = 0.003) and OS (p = 0.014), as shown in Fig. 4 . There were no deaths reported among patients classified as MR 5. Note that due to small numbers of patients with certain MR 
scores, patients were grouped as follows: MR 1 and 2 were grouped together as "non-responders," 3 and 4 as "responders" and MR 5 patients were "complete responders." No difference in LRR rates (p = 0.96) was seen between patients grouped by Chevallier score, as shown in Fig. 5 . Differences in RFS reached borderline significance (p = 0.06). Nevertheless, significant differences in OS were observed (p = 0.005), with no deaths reported at 5 years for patients with Chevallier score of 1 or 2.
Pathologic complete response rates, as determined by each assessment method, are shown in Table 3 .
Outcomes at 1 and 5 years with patients divided by response to NAC are summarized in Table 4 .
Standard pathology response was significantly associated with both Chevallier (p < 0.001) and MR score (p < 0.001). The Spearman correlation between MR and Chevallier showed a strong negative association (r = − 0.81, p < 0.0001). Regression analysis showed bivariate correlation between MR and standard pathology was 0.874 and between Chevallier and standard pathology was 0.775.
Predictors of recurrence and survival
Using a bivariate Cox model, we did not identify any significant predictors of LRR. We were not able to perform multivariable analysis due to the small number of events in our sample. Tumour size (both before and after NAC), pre-treatment stage group, and pathological response assessed by all three methods (standard pathology, a MR score, and Chevallier) significantly predicted for RFS. Analysis of OS is not reported due to the small number of deaths in our cohort. The results of this analysis are shown in Table 5 .
Discussion
All 103 patients in our cohort were evaluated for primary tumour response to NAC using three methods: standard pathology, MR score, and Chevallier score. Our results suggest that breast cancer treated with NAC followed by surgery and RT is associated with low rates of LRR (approximately 10% at 5 years) and relatively high OS (greater than 75% at 5 years). Rates of RFS and OS were significantly improved with increasing response to NAC, but LRR was not affected. Distant recurrence alone (15 patients) was twice as common as LRR alone (7 patients), similar to previously reported results of RT after NAC and surgery [30] . Molecular subtype did not significantly affect recurrence or survival rates.
Rates of 5-year RFS for pCR, MR score 5, and Chevallier score 1 were 92%, 93%, and 86% respectively, while 5-year OS was 100% for all three groups. The similarity in outcomes suggests that all are valid methods for predicting outcomes after NAC, especially for those patients who achieve pCR. Patients grouped by MR score of 3 or 4 (denoting "partial responder") or 1 or 2 ("non-responder") tended to have worse outcomes than similar categories using standard pathology.
Tumour response assessment after neoadjuvant chemotherapy
In our cohort, the three response methods employed detected similar rates of pCR: 25.2% of patients achieved pCR by standard pathology, 30.1% achieved MR score of 5 and 21.4% had Chevallier score of 1. These rates are similar to the 26.1% pCR rate in NSABP B-27. Over 95% of patients received anthracycline and taxane-based chemotherapy, similar to that given to NSABP B-27 patients [9] . All three treatment response methods showed similar predictive abilities for clinical outcomes. Using bivariate Cox modeling, all three methods were predictive of RFS, but none were predictive of LRR. Using Kaplan-Meier methodology, when patients were stratified by standard response assessment and MP, response to NAC did not predict for LRR but did predict both RFS and OS. Chevallier score did not predict LRR and did predict for OS; a borderline (p = 0.06) significant predictive ability was measured for RFS. Strong correlations between categorizations using the different methods were also demonstrated.
These results are reassuring, suggesting that the three methods (two pathologically derived and one based on radiographic findings) all serve as adequate predictors of response and ultimate clinical outcomes. The results agree with those of Romero et al. who reported that RCBI and RECIST-based assessments both predicted for RFS in a cohort of 151 patients [21] . This cohort was similar to ours in proportion of tumours that were hormone-receptor positive (58% versus 64% in our cohort), although a higher proportion had Stage III disease (69% versus 49% in our cohort).
Recurrence and survival results in our cohort were similar to those reported in the initial publication by Ogston et . Lymph node involvement is a strong predictor of LRR and survival with breast cancer [31, 32] , which may explain why patients with similar magnitudes of response had lower survival rates in our cohort than in the initial cohort. Our results agree with existing literature, and suggest that multiple established pathologic and radiographic response measurements can provide reliable prognostic value for patients and clinicians. Different pathologic subtypes of breast cancer may behave differently in response to NAC. Von Minckwitz et al. studied responses to NAC by different pathologic subtypes, in a cohort of over 6000 patients. They found that HER2-positive and triple-negative cancers achieved the highest pCR rates with Luminal A patients experiencing the lowest. If pCR was defined to allow residual in situ disease, pCR rates were 8.9, 51, and 35.8% for Luminal A, HER2-positive, and triple-negative, respectively [29] . Our results closely match these findings, with pCR rates of 6.5, 42.9, and 41.7%, respectively, if in situ disease was allowed within the pCR definition.
Lee et al. studied over 500 patients and assessed response by both "relative" methods (i.e. those that compare size or cellularity of post-NAC samples with pre-NAC data) such as MR score and "absolute" methods (i.e. those that use only the post-NAC sample) such as RCBI. They concluded that for triple negative cancer, all response assessment methods can predict for disease-free survival. However, for hormone-receptor positive, HER2-receptor negative disease, only absolute methods had prognostic value [33] . Our cohort was not large enough to study the prognostic value of response only among patients of a single pathologic subgroup.
All three response assessment methods we studied showed the highest rates of RFS and OS among patients who achieved pCR. The NSABP B-18 and B-27 studies compared outcomes after randomizing patients with operable breast cancer between NAC and post-operative chemotherapy. Patients in the NSABP B-18 trial received AC chemotherapy (doxorubicin and cyclophosphamide), while the B-27 study used AC plus docetaxel. Hazard Neither study demonstrated statistically significant differences between the NAC and adjuvant chemotherapy groups for either disease-free survival or OS [8] [9] [10] .
Our results support the hypothesis that pCR (as determined by all methods studied) is predictive of RFS and OS, even when RT is given after surgery (which was not given in the B-18 and B-27 studies). However, based on all three response methods assessed in this study, pCR does not appear to be predictive of LRR when RT is given. In the combined B-18 and B-27 cohort, predictors of LRR on multivariable analysis were: age at randomization, tumor size before NAC, clinical nodal status before NAC, and pCR after NAC. In our cohort, these same factors predicted for RFS (with pCR assessment by all three methods). However, we did not identify any factors that significantly predicted for LRR in our cohort. Our data support the NSABP findings that these factors are significant prognostic markers, but the RT that our patients received seems to have reduced these factors' influence on LRR rates [12] .
Clinical outcomes after neoadjuvant chemotherapy, surgery, and radiotherapy
The role of adjuvant RT after NAC and surgery has not been evaluated in randomized trials but is generally recommended for patients with cT3-T4 and/or N2-N3 disease [34, 35] . It may also be considered for patients with smaller, but still lymph node-positive, disease, especially those with high-risk factors such as young age or triple-negative biology [36] . Retrospective analyses suggest that adjuvant RT benefits patients treated with NAC for advanced breast cancer. Huang et al. [37] compared 542 patients who received NAC, surgery, and adjuvant RT with 134 patients who did not receive RT. The RT cohort had more advanced disease (73% pre-treatment stage III and 10% stage IV) than those who did not (46% stage III and 4% stage IV). Rates of In the McGuire study, 5-year OS among patients who received RT was over 80%. Patients in our cohort who achieved a pCR had 5-year OS of 100% compared with 71% for partial responders and 65% for non-responders. The low rates of LRR seen in our cohort (particularly among patients who achieved pCR) mirrors the low rate of LRR in previous retrospective analyses. These retrospective cohorts together appear to support the routine use of adjuvant RT after NAC for clinical stage III disease, even after pCR. The question of RT after pCR is the subject of ongoing trials, including NSABP B-51 which is randomizing patients with T1-3, N1 disease between nodal RT and no nodal RT.
Buccholz et al. [38] reported on 150 patients treated with NAC and mastectomy only. The plurality of patients (48%) had stage III disease (43% stage II, 7% stage IV). The reported 5-year LRR rate in this study was 27%, higher than the 8% in our cohort. Although our cohort did not include any stage IV patients, the relative proportion of patients with stage II and stage III disease was similar between our cohort and that of Buccholz et al. However, our patients all received post-operative RT, which may account for the lower LRR observed in our cohort. Buccholz et al. reported that pretreatment T stage and clinical stage group, lymph node involvement, and tamoxifen use predicted for LRR, while we did not identify identify any predictor for LRR on bivariate analysis, including nodal involvement or pretreatment stage. This difference may also reflect the effect of radiotherapy at reducing LRR risk.
In the NSABP B-27 trial, LRR at 10 years for patients who received AC-T chemotherapy was 9.5%. In the combined NSABP B-18 and B-27 dataset, the 10 year LRR rate was 11.1% (8.4% local and 2.7% regional recurrence). Local recurrences accounted for 71% of 10-year LRR in patients treated with mastectomy and for 79% of 10-year LRR in patients treated with lumpectomy plus breast XRT [12] . Rates of LRR in our cohort were similar at 5 years to those reported at 10 years in NSABP B-27, although the patients in our cohort received postoperative radiotherapy and the NSABP patients did not. Patients in our cohort also had approximately twice the risk of distant recurrence as LRR, which is the opposite of the NSABP trials. These differences may arise because 70% of patients in our cohort having involved lymph nodes compared with around 30% in NSABP B-27, and patients with N2 staged disease being excluded from B-27 (13% of our patients had N2-3 disease). Thus, patients in our cohort likely had more Abbreviations: CI confidence interval, LVI lymphovascular invasion, NR no response, pCR pathological complete response, PR partial response aggressive cancer, on average, and a higher recurrence risk than the NSABP cohort, which may explain the elevated LRR in our cohort despite receiving adjuvant RT [12] .
Strengths and limitations
To our knowledge, this study represents the largest North American cohort to date with response to NAC assessed using multiple pathologic scoring systems, which represents a major strength. We observed strong correlations between all three response assessment methods and similar clinical outcomes between pathological pCR, MR-5 and Chevallier-1 (all indicating complete response). These results suggest that all three methods are valid predictors of clinical outcomes when assessing completeness of response. Our study also presents a cohort of relatively homogeneous patients who all received NAC followed by surgery and RT. Limitations include the study's retrospective nature, which depends on the completeness and accuracy of the information in clinical notes. Ki67 levels were generally not available, limiting our ability to distinguish between Luminal A and Luminal B (HER2-negative) cancers; however, this likely did not alter our conclusions.
Three patients who were otherwise eligible were excluded from the analysis due to lack of follow up. It is possible that these patients were lost to follow up due to poor outcomes (e.g. morbidity or death), which could bias our results. However, the number of such patients was small compared to the studied cohort size.
We did not have a sufficient number of deaths to study predictors of OS. Longer follow up may allow for more recurrences and deaths to be observed and late recurrence may be more likely in patients with certain outcomes (e.g. non-responders, aggressive molecular subtypes such as triple-negative). We also could not combine pathologic response assessment with molecular subtypes as was done by Lee et al. [26] . A larger sample would allow for such subgroups to be studied, which could provide further data to improve breast cancer prognostics.
Conclusion
Local recurrence rates after NAC, surgery, and RT are low and the dominant risk for patients is distant recurrence disease. Pathologic complete response, as measured by different pathologic and radiologic methods, is associated with improved survival for these patients but may not be associated with decreased local recurrence. Our data supports the use of adjuvant RT after NAC, but this question remains the subject of ongoing prospective trials.
